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Contrast-dependent interactions between classical (CRF) and non-classical regions (nCRF) of visual neu-
ron receptive ﬁelds are well documented in primate visual cortex. Physiological models that describe CRF
and nCRF interactions in single neurons have recently been applied to psychophysical measures of spatial
summation and suppression in motion perception of young adults (Tadin & Lappin, 2005). We wished to
determine whether such models could account for the reduction in spatial suppression that occurs in nor-
mal aging (Betts et al., 2005). We applied three models to duration thresholds obtained in a simple
motion discrimination task using drifting Gabor stimuli that ranged in spatial frequency from 0.5 to
4 c/deg. We found that a model in which the center CRF and surrounding nCRF are represented as
spatially-overlapping excitatory and inhibitory 2D Gaussians with independent contrast response func-
tions, which we call the Gainmodel, could account for the effects of aging simply by increasing the spatial
extent of the CRF. Two additional models were evaluated. The Sizemodel, which varied the size of the CRF
as a function of contrast, produced CRF and nCRF size constants that departed signiﬁcantly from physi-
ological estimates of receptive ﬁeld sizes. The Drivemodel, which yoked the activation of the suppressive
nCRF to the CRF response, yielded reasonable ﬁts to the data and suggested an age-related decline in the
strength of suppression from the nCRF. However, the Drivemodel estimated the CRF size parameter to be
equal to, or even slightly larger than, the nCRF size parameter, which is inconsistent with the physiolog-
ical literature. Our ﬁndings therefore suggest that the Gain model provides the most plausible estimates
of receptive ﬁeld sizes. Based on this model, age-related increases in the size of central excitatory recep-
tive ﬁelds relative to the inhibitory surrounds may contribute to behavioral measures of reduced spatial
suppression found in older observers.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
The ability to discriminate leftward from rightward motion in-
creases with increasing stimulus size for low contrast stimuli, and
this change in sensitivity is thought to be an instance of spatial
summation (Anderson & Burr, 1985, 1987, 1991). At high contrast,
however, the reverse is true: Accuracy in a direction discrimination
task decreases as stimulus size increases (Betts, Sekuler, & Bennett,
2009; Betts et al., 2005; Tadin & Lappin, 2005; Tadin et al., 2003), a
phenomenon known as spatial suppression.
The exact mechanisms underlying contrast-dependent spatial
summation and suppression are still debated (Aaen-Stockdale
et al., 2009; Glasser & Tadin, 2010), but one plausible hypothesis
is that they are a consequence of the center–surround receptivell rights reserved.
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The radius of the central excitatory classical receptive ﬁeld (CRF)
of typical V1 neurons is 2–4 times larger when stimulus contrast
is low compared to when it is high (Cavanaugh, Bair, & Movshon,
2002; Kapadia, Westheimer, & Gilbert, 1999; Sceniak et al.,
1999). Consequently, the larger center CRF at low contrast allows
for excitatory responses to larger stimuli while simultaneously
reducing the inﬂuence of the inhibitory surrounding non-classical
receptive ﬁeld (nCRF). Contrast-dependent center–surround inter-
actions have been measured at multiple sites in primate visual cor-
tex for a variety of moving and stationary stimuli (Cavanaugh, Bair,
& Movshon, 2002; Churan et al., 2008; Eifuku & Wurtz, 1998;
Kapadia, Westheimer, & Gilbert, 1999; Levitt & Lund, 1997; Pack,
Hunter, & Born, 2005; Sceniak et al., 1999).
Physiological models of center–surround receptive ﬁeld organi-
zation have been applied to behavioral measures of spatial summa-
tion and suppression obtained in a psychophysical motion
discrimination task (Tadin & Lappin, 2005). Tadin and Lappin found
that their psychophysical motion direction discrimination thresh-
olds, measured with spatially broadband dense random-pixel
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Sceniak and colleagues (1999) in which the size of the excitatory
CRF decreased as a function of stimulus contrast. We wished to
determine whether the same conclusions could be drawn from
thresholds obtained using band-limited motion stimuli, namely
vertically-oriented Gabor gratings. Furthermore, we reasoned that
the spatial extents of the center and surround ﬁlters might vary
with stimulus spatial frequency. Both physiological and psycho-
physical studies indicate that while the size of themotion detection
units in visual cortex decreases with increasing spatial frequency,
so does the spatial frequency tuning bandwidth, such that a greater
number of stimulus cycles are incorporated into the receptive ﬁeld
(Anderson & Burr, 1985, 1987; Banks, Sekuler, & Anderson, 1991;
Cavanaugh, Bair, & Movshon, 2002; De Valois, Albrecht, & Thorell,
1982; Movshon, Thompson, & Tolhurst, 1978b; Peli et al., 1993;
Wilson, McFarlane, & Phillips, 1983). The ﬁrst goal of this study
was therefore to determine whether the different models of
center–surround antagonism can account for the size and spatial
frequency-tuning properties of visual motion detectors.
Although most of the work described above pertains to younger
visual systems, an accumulating body of anatomical, physiological
and psychophysical research suggests that normal aging may affect
the integrity of inhibitory mechanisms in the visual cortex. Sam-
ples of postmortem human primary visual cortex from older adults
contain reduced quantities of GAD65 (a presynaptic GABA synthe-
sizing enzyme) and Gephyrin (a postsynaptic GABAA receptor
anchoring protein) compared to young adults (Pinto et al., 2010).
Reduced efﬁcacy of GABAergic mechanisms in older monkeys is
thought to affect the orientation and directional selectivity of V1
neurons (Leventhal et al., 2003; Schmolesky et al., 2000). It has also
been suggested that reduced GABAergic inhibition may underlie
the broadening of direction and speed tuning curves in the senes-
cent monkey middle temporal (MT) cortex (Liang et al., 2010;
Yang, Zhang, et al., 2009). A similar degradation of neural re-
sponses has been reported in older cats, which was associated with
decreased density of GABA-immunoreactive neurons in cat striate
cortex (Hua et al., 2006, 2008). Human observers over 60 years of
age exhibit a range of age-related changes in basic motion process-
ing (e.g., Ball & Sekuler, 1986; Bennett, Sekuler, & Sekuler, 2007;
Gilmore et al., 1992; Snowden & Kavanagh, 2006; Trick & Silver-
man, 1991). For example, changes in direction detection and dis-
crimination in Bennett et al. (2007) are consistent with models of
aging incorporating a broadening of direction tuning, analogous
to changes identiﬁed at the neuronal level in senescent non-human
animals. Furthermore, in a series of experiments, Betts and col-
leagues found reduced spatial suppression compared to younger
observers in a motion discrimination task, an effect that is consis-
tent with the idea that aging reduces the inhibitory inﬂuence of the
nCRF (Betts, Sekuler, & Bennett, 2009; Betts et al., 2005). The sec-
ond goal of the paper was, therefore, to compare model results of
younger and older observers to investigate how visual mechanisms
underlying spatial summation and suppression in visual motion
processing may change as a function of age.
2. Methods
2.1. Behavioral methods and data
We used previously published behavioral data to evaluate three
models of center–surround antagonism. Here we provide a brief
description of the participant demographics and experimental pro-
cedures; more details can be found in our published papers (Betts,
Sekuler, & Bennett, 2009; Betts et al., 2005).
The participants were 20 younger observers between the ages
of 19 and 30 years (M = 22.34, r = 3.73) and 10 older observersbetween 63 and 75 years (M = 68.72, r = 4.13). All participants
had normal or corrected-to-normal visual acuity.
The stimuli were vertical sine wave gratings that drifted to the
left or to the right at a rate of 2 deg/s. Stimulus Michelson contrast,
which was modulated by a circularly symmetric Gaussian enve-
lope, ranged from 2.8% to 92%. Spatial frequency was 0.5, 1, 2, or
4 c/deg. Stimulus size, deﬁned as two standard deviations of the
Gaussian envelope (2r), ranged from 0.175 to 10 deg.
Standard psychophysical procedures were used to estimate the
stimulus duration needed for an observer to discriminate leftward
and rightward motion. Brieﬂy, for each observer, we used two
interleaved staircase functions (2-down/1-up and 4-down/1-up)
to estimate the stimulus durations required to produce 71% and
84% correct responding. The two staircase functions were com-
bined and a single psychometric function was estimated by com-
puting the best-ﬁtting (maximum likelihood criterion) Weibull
function. The duration threshold was deﬁned as the stimulus dura-
tion needed to attain 77% correct responses.
2.2. Modeling spatial summation and suppression
Neurons’ CRF and nCRF area summation curves often are mod-
eled as Gaussian functions such as those shown in Fig. 1A (Cava-
naugh, Bair, & Movshon, 2002; DeAngelis, Freeman, & Ohzawa,
1994; Sceniak, Hawken, & Shapley, 2001; Sceniak et al., 1999).
The excitatory center Gaussian describes only the spatial envelope
of the CRF and encompasses all ON and OFF subregions of the
receptive ﬁeld (Cavanaugh, Bair, & Movshon, 2002; DeAngelis,
Freeman, & Ohzawa, 1994; Movshon, Thompson, & Tolhurst,
1978a; Sceniak, Hawken, & Shapley, 2001). The broader of the
two Gaussians is suppressive and corresponds to the nCRF. This
composite Gaussian framework can adequately describe the sum-
mation proﬁles of both simple and complex cells in V1 at high
stimulus contrast (Sceniak, Hawken, & Shapley, 2001), and is also
used to describe interactions between center and surround mech-
anisms in extrastriate cortex, including motion sensitive areas in
middle temporal cortex that exhibit suppression from the nCRF
(Churan et al., 2008; DeAngelis & Uka, 2003; Pack, Hunter, & Born,
2005).
The means by which the CRF and nCRF interact to produce
center–surround antagonism are not fully understood, but several
physiological models have been developed to account for the
contrast-dependent behavior of individual visual neurons. Tadin
and Lappin (2005) adapted three different center–surround mod-
els to describe psychophysical behavior of human observers in a
motion discrimination task. The main adaptation involves relat-
ing the response from the overall receptive ﬁeld to a psychophys-
ical observer’s behavioral threshold. The use of the stimulus
duration threshold as a psychophysical measure of behavior is
based on the idea that a perceptual decision regarding the direc-
tion of motion occurs only after a sufﬁcient amount of informa-
tion has been presented (i.e., after some response criterion has
been surpassed) (Huk & Shadlen, 2005; Roitman & Shadlen,
2002). In this way, weak and/or noisy signals require longer stim-
ulus presentations to surpass the criterion for the perceptual re-
sponse. In the context of the model, the threshold, T, is the
duration for which the response of strength R must be presented
in order to surpass the Criterion (Tadin & Lappin, 2005). The Cri-
terion parameter determines the vertical placement of the model
output on log–log coordinates, and inverts the independent vari-
able such that increased responsiveness produces decreased
duration thresholds.
Like Tadin and Lappin (2005), we evaluated three models: The
Gainmodel, the Sizemodel, and the Drivemodel. Each model is de-
scribed in turn below.
Fig. 1. Three models of center–surround antagonism were used to evaluate behavioral duration thresholds in a motion discrimination task. All models consist of two
spatially-overlapping Gaussians (red: excitatory center with space constant, a; blue: inhibitory surround with space constant, b), Naka–Rushton contrast response functions,
response and threshold calculations. The model outputs are measured as a function of stimulus size, w, and contrast, c. All three models had eight free parameters. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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The Gain model is similar to Tadin and Lappin’s CRF model of
center–surround antagonism. In the current paper we use the acro-
nym CRF to refer to the classical receptive ﬁeld; to avoid confusion,
therefore, we will refer to Tadin and Lappin’s CRFmodel as the Gain
model, because it closely follows the Gain model described in the
physiology literature (e.g., Cavanaugh, Bair, & Movshon, 2002).
The Gain model of center–surround antagonism (Fig. 1A) suc-
cessfully describes and predicts the behavior of neurons in primate
visual cortex to stimuli of various sizes and contrasts (e.g., Cava-
naugh, Bair, & Movshon, 2002). The CRF and nCRF outputs are
dependent on both stimulus size and contrast. The response to a
stimulus of size w is estimated as the integral of the portion of
the Gaussian that overlaps with the stimulus, as provided by the
erf function in Matlab (DeAngelis, Freeman, & Ohzawa, 1994;
DeAngelis & Uka, 2003). Note that the erf function is twice the inte-
gral of the Gaussian distribution with a mean of 0 and r of 0.5;
therefore, the value of a obtained from the ﬁtting procedure must
be scaled by a factor of 1/
p
2 to reveal the resulting estimate of the
Gaussian standard deviation. The contrast response functions, Ke
and Ki, are modeled separately for the CRF and nCRF as Naka–
Rushton functions. The response of the center region to a stimulus
of contrast c and size w is therefore the product of the gain at con-
trast c and the integral of the portion of the Gaussian activated by
the stimulus of size w. The response of the surround region is
determined in the same manner. The overall response, R(c,w), of
the CRF and nCRF is then taken as the ratio of the center and
surround Gaussian functions (the RoG, Fig. 1C), a form of divisive
inhibition (Cavanaugh, Bair, & Movshon, 2002; Freeman, Ohzawa,
& Walker, 2001; Sceniak, Hawken, & Shapley, 2001).
The current version of the Gainmodel differs in three ways from
the one presented by Tadin and Lappin (2005). First, we altered themodel to perform divisive, rather than subtractive inhibition. This
change resulted in signiﬁcantly better ﬁts to our data (Supplemen-
tary Fig. 1). Second, Tadin and Lappin used a normalization factor,
b/a, to ensure that the response of the inhibitory Gaussian, Ki, was
always larger than center when the error function was near its
maximum value of one. We opted not to use this normalization
factor because we felt that it unnecessarily complicated the inter-
pretation of the model outputs when comparing the parameters
across the two age groups. Finally, we changed the Criterion and
R0 parameters into constants that were identical across all spatial
frequencies and age groups. Close inspection of the model de-
scribed in Fig. 1 reveals that the main function of the Criterion
and R0 parameters is to properly scale the inverted responses from
the center and surround receptive ﬁelds on the axes. Although
there is no reason to assume that either Criterion or R0 scaling
parameters should be the same across age groups, the thresholds
from older and younger observers spread across a similar range
of values for all spatial frequencies, and it was possible to ﬁnd ﬁxed
values for both the Criterion and R0 scaling parameters that allowed
for reasonable ﬁts for both younger and older observers across all
spatial frequencies (Table 1). Fixing the values for Criterion and R0
eliminated two free parameters, and forced the parameters that di-
rectly deﬁned the shape and gain of the center and surround Gaus-
sians to account for age and spatial frequency-related differences
in duration thresholds.
2.2.2. The Size model
In the Sizemodel (Fig. 1B), the size of the center excitatory space
constant of the central Gaussian ﬁlter, a, changes as a function of
stimulus contrast (Sceniak, Hawken, & Shapley, 2001; Sceniak
et al., 1999). A decreasing logistic function, with parameters S, m,
and k, was used to estimate the rate at which a changes with
Table 1
Fits from the Gain model with eight free parameters. Values that differed signiﬁcantly across age groups according to the bootstrap analysis are indicated in bold. The Criterion
parameter was ﬁxed at a value of 20.00 across all observers and spatial frequencies; the R0 parameter was ﬁxed at 6.00. The critical values for the v2 goodness of ﬁt test for each
spatial frequency are: v2df¼8 ¼ 15:507; v2df¼20 ¼ 31:410; v2df¼17 ¼ 27:587; v2df¼16 ¼ 26:296.
Gain model Younger Older
Spatial frequency 0.5 1 2 4 0.5 1 2 4
v2 1.826 4.222 9.630 3.768 0.910 0.870 4.552 3.884
r2 0.936 0.883 0.745 0.792 0.963 0.879 0.931 0.941
a 1.506 0.890 0.543 0.499 2.373 1.195 0.826 0.813
b 2.542 1.298 0.716 0.677 2.868 1.408 1.028 1.064
Ae 284.915 296.678 321.304 351.776 257.658 307.877 305.857 270.242
n 1.142 1.104 1.752 1.920 1.328 1.397 1.464 2.00
c50e 0.482 0.254 0.138 0.1201 0.273 0.139 0.215 0.143
Ai 56.949 63.681 58.667 68.070 50.202 65.823 48.932 44.361
m 1.703 1.373 2.117 2.214 1.685 1.527 1.802 2.351
c50i 0.266 0.220 0.132 0.193 0.231 0.146 0.186 0.164
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stant b was ﬁxed at all contrast levels, the ratio of the center and
surround space constants changed as a function of contrast. The
contrast responses functions of the center and surround ﬁlters
were followed by Naka–Rushton functions, but the surround con-
trast response function, Ki, was a scaled version of the center’s con-
trast response function, Ke. The ﬁnal response R and decision
threshold Twere calculated in the same manner as the Gainmodel.
2.2.3. The Drive model
The third model, known as the Drive model (Fig. 1C), assumes
that the strength of surround suppression is yoked to the activation
of the center excitatory region. Thus, as the central activity rises in
response to an increase in stimulus contrast, the strength of the
inhibitory surround also increases (Somers et al., 1998; Tadin &
Lappin, 2005). The center and surround space constants, a and b,
were both contrast invariant, as in the Gain model. The surround
Naka–Rushton function, Ki, was a scaled version of the center func-
tion, Ke, as in the Sizemodel. The main feature of the Drivemodel is
the way the center activation was suppressed. The parameter D, a
decreasing logistic function that is dependent on the response of
the center at contrast c and size w, was added to the denominator
of the function R and determined the amount of suppression for a
stimulus of any given size and contrast.
2.3. Model analyses
The models were ﬁt to the log-transformed group average stim-
ulus duration thresholds using Matlab’s least-squares ﬁtting proce-
dure (lsqcurveﬁt.m) from the Curve Fitting and Optimization
Toolboxes (v. 7.0, The Mathworks Inc.). Fits were assessed using
a v2 goodness of ﬁt test with N–p degrees of freedom, where N
equals the number of data points and p is the number of free
parameters. The degrees of freedom for the different spatial fre-
quency conditions were 8, 20, 17, and 16, which corresponds to
critical v2 values of 15.507, 31.310, 27.587, and 26.296 at p < 0.05.
We used the bootstrap percentile method to derive conﬁdence
intervals around the difference between younger and older model
output parameters (Efron & Tibshirani, 1993; Mooney & Duval,
1993). Threshold data from younger observers were resampled
with replacement to obtain a new sample mean threshold value
to which the model was ﬁt. Importantly, we resampled complete
sets of observers’ data, such that if an observer was selected, we
used all of the thresholds from that observer. Likewise, the older
observers’ thresholds were resampled and model parameters ob-
tained from this new sample. The difference between the older
and younger parameters was then recorded. This procedure was
repeated 999 times to build a distribution of difference responses
for each parameter. The 95% conﬁdence interval was set as the2.5‰ and 97.5‰ of the difference distribution. Note that on all ﬁg-
ures, error bars indicate the 95% bootstrapped conﬁdence intervals
for each individual group.
3. Results
3.1. Gain model results
The Gain model, represented as solid lines through the mean
threshold data points in Fig. 2A, ﬁt the data from both younger
and older observers very well: In all cases the v2 values were less
than the critical values (also summarized in Table 1). In younger
observers, the model captures the shift from predominant summa-
tion at low contrast to suppression at high contrast. In older
observers, the model preserves the spatial summation portion of
the curve, but also predicts the reduced spatial suppression de-
scribed previously. It is clear from Fig. 2A that the model is sufﬁ-
ciently robust to generalize across the two age groups, as well as
across the four different spatial frequencies.
The goodness of themodel ﬁts in all cases encouraged us to com-
pare the model output parameters across age groups and spatial
frequencies. The strongest and most systematic difference across
age groups was found for the center Gaussian space constant, a (Ta-
ble 1; Fig. 2B). The estimates of awere signiﬁcantly larger for older
observers than younger observers at each spatial frequency. The
surround Gaussian size constants, b, also tended to be greater in
older observers at each spatial frequency, although the group differ-
ence was signiﬁcant only at 2 and 4 c/deg. These ﬁndings are con-
sistent with the idea that the size of the center CRF, but not the
surrounding nCRF, may changewith age. Furthermore, the size con-
stants of the center and surround Gaussian envelopes decreased
systematically as a function of spatial frequency in both age groups,
consistent with previous experiments in which receptive ﬁeld
mechanisms scaled according to stimulus spatial frequency (Ander-
son & Burr, 1987, 1991). In terms of the a estimates, the effect of
spatial frequency did not interact with the effect of age. However,
older observers’ b estimates did not decline as sharply as younger
observers’ estimates beyond 2 c/deg, suggesting that the spatial fre-
quency scaling of the nCRF is dependent on age.
The effect of observer age on the Naka–Rushton parameters was
minimal (Table 1; Fig. 2C–E). The excitatory amplitude, Ae, was sig-
niﬁcantly different in younger and older observers at 1 and 4 c/deg,
and the contrast at 50% maximum response for the center and sur-
round, c50e and c50i, was signiﬁcantly greater in younger observers
at 1 c/deg. The other 20 Naka–Rushton parameter estimates indi-
cated no difference between age groups. The effect of spatial fre-
quency, however, appeared to be more consistent in younger
compared to older observers. The Ae parameter increasedmonoton-
ically with increasing spatial frequency in younger observers,
Fig. 2. (A) Fits from the Gainmodel for younger (left column) and older (right column) observers are represented as solid lines through the empirical data points. The color of
the symbol indicates the stimulus contrast, which ranged from 2.8% (white symbols) to 92% (black symbols). Gainmodel parameters for younger (r) and older (d) observers
are shown as a function of spatial frequency: Size constants for the center (a) and surround (b) 2D Gaussian envelopes (B); Maximum amplitudes (C), slopes (D), and the
contrast of 50% maximum response (E) for the center and surround Naka–Rushton functions. Error bars indicate the 95% bootstrapped conﬁdence interval.
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In both age groups, the Naka–Rushton slope parameters, n and m,
also increased with increasing spatial frequency, whereas the con-
trast at 50% maximum response tended to decrease as a function
of spatial frequency in younger observers only. In sum, the age-re-
lated changes in the Naka–Rushton parameters were less consistent
across spatial frequencies compared to those observed for the
Gaussian space constants, whereas all model parameters were con-
sistent with previously described behavior of neurons as a function
of spatial frequency, particularly for the younger observers.
3.2. Size model results
The Size model also yielded reasonably good ﬁts to the mean
threshold data, accounting for 60–96% of the variance (Table 2
and Fig. 3A).
The main feature of the Size model is that the size of the center
CRF changed as a function of stimulus contrast while the nCRFremained constant. Fig. 3B illustrates the change in a, which was
derived from the parameters S, m, and k (Fig. 1), with increasing
contrast for the four different spatial frequency conditions in both
age groups. In younger observers, a decreased at high contrast at
0.5, 1, and 2 c/deg. At the lowest spatial frequency, 0.5 c/deg, the
size began to drop as early as 11% contrast, but at 1 and 2 c/deg,
the size only began to change after 46% contrast. The size remained
constant at 4 c/deg; however, because we did not test beyond 46%
contrast in this spatial frequency condition, we cannot claim that
the size estimate was unaffected by contrast. In older observers,
the a parameter was constant in all spatial frequency conditions
up to 46% contrast. In the two conditions where contrast reached
92% (1 and 2 c/deg), a did drop off slightly, in a manner similar
to the younger observers.
The model estimates of the CRF space constant varied with
stimulus spatial frequency, but in a non-monotonic fashion
(Fig. 3B). In younger observers, the smallest receptive ﬁelds were
attributed to the 0.5 and 2 c/deg stimuli, the largest to 1 c/deg
Table 2
Fits from the Size model. The Criterion parameter was ﬁxed at 20.00 and the R0 parameter was ﬁxed at 6.00. Values that differed signiﬁcantly across age groups according to the
bootstrap analysis are indicated in bold. The critical values for the v2 goodness of ﬁt test for each spatial frequency are the same as Table 1.
Size model Younger Older
Spatial frequency 0.5 1 2 4 0.5 1 2 4
v2 7.747 2.763 8.842 3.963 0.700 1.281 4.557 1.918
r2 0.602 0.899 0.754 0.792 0.972 0.815 0.926 0.964
S 1.920 2.208 1.956 1.500 2.710 1.834 1.077 1.572
k 0.989 0.020 0.021 0.017 0.040 0.015 0.035 0.023
m 4.363 2.084 8.448 3.547 2.553 1.074 3.937 1.242
b 2.422 1.198 0.440 0.536 1.065 1.114 0.316 1.022
Ae 83.517 63.683 19.802 85.434 68.261 93.322 90.015 100.000
Ai 0.153 0.140 0.068 0.120 0.154 0.166 0.108 0.118
n 0.676 4.845 1.208 4.089 1.200 2.782 0.755 3.436
c50e 0.041 0.023 0.020 0.034 0.115 0.032 0.442 0.048
Fig. 3. (A) Size model ﬁts are shown for both groups in the four spatial frequency conditions. (B) Estimated space constants for the CRF (a) at each combination of stimulus
size and contrast were calculated using a decreasing logistic function. (C) The nCRF space constant (b) was ﬁxed across stimulus size and contrast. The ﬁtted parameters for
younger (r) and older (d) observers that were used to calculate a are shown as a function of spatial frequency in (D) and (E).
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the smallest receptive ﬁeld size estimates occurred at 2 c/deg, with
roughly equivalent estimates for the 0.5, 1, and 4 c/deg conditions.
The CRF size estimates did not vary systematically with age, either:
Older observers obtained signiﬁcantly greater a estimates than
younger observers only at 0.5 and 4 c/deg. The estimates of nCRF
size, described by the parameter b, also varied non-monotonically
across the four spatial frequency conditions, at least in younger
observers (Fig. 3C). In younger observers, b decreased from 0.5 to2 c/deg; in older observers, b was relatively ﬂat. Age differences
were not signiﬁcant in any of the spatial frequency conditions. Fi-
nally, the two parameters that determined the shape of a failed to
demonstrate any orderly relationship across age groups or spatial
frequency (Fig. 3D and E). To summarize, the Size model parame-
ters that deﬁned the spatial properties of the CRF and nCRF did
not vary systematically with age or spatial frequency.
The Naka–Rushton parameters produced by the Size model are
shown in Fig. 4. The amplitudes of the excitatory (Ae) and inhibitory
Fig. 4. The Naka–Rushton parameters for the Sizemodel are shown as a function of
stimulus spatial frequency for younger (r) and older (d) observers.
Fig. 5. (A) The behavioral data (symbols) were ﬁt with the Drive model (lines) for both
observers are also shown (B–E).
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though the Ae parameter was especially low at 2 c/deg in younger
observers (Fig. 4A). The slope estimates (n) were extremely noisy
and varied non-monotonically as a function of spatial frequency in
both age groups (Fig. 4B). In younger observers, the c50 estimates
were under 5% contrast in all spatial frequency conditions, indicat-
ing extremely compressed contrast response functions, whereas in
older observers the half saturation responses varied from 3% to
50% across spatial frequencies (Fig. 4C). To summarize, the Naka–
Rushton parameters did not vary consistently with either observer
age or stimulus spatial frequency.
3.3. Drive model results
The ﬁts obtained from the Drive model (Fig. 5A) were better
than the Size model, and approximately equivalent to the Gain
model. All of the model output parameters are shown in Table 3.
The Drive model ﬁts, along with several model parameters, are
shown in Fig. 5. In both groups of observers, the CRF and nCRF
space constants decreased as spatial frequency increased from
0.5 to 2 c/deg, but plateaued (or increased slightly) at 4 c/deg (Ta-
ble 3, Fig. 5B). Similarly, the Naka–Rushton gain and slope param-
eters demonstrated reasonable changes as a function of stimulus
spatial frequency in younger and older observers (Table 3, Fig. 5C
and D). The contrast at 50% of the maximum response was quitegroups of observers. The Naka–Rushton parameters for younger (r) and older (d)
Table 3
Fits from the Drivemodel. The Criterion parameter was ﬁxed at 30.00 and the R0 parameter was ﬁxed at 8.00. Values that differed signiﬁcantly across age groups according to the
bootstrap analysis are indicated in bold. The critical values for the v2 goodness of ﬁt test for each spatial frequency are the same as Table 1.
Drive model Younger Older
Spatial frequency 0.5 1 2 4 0.5 1 2 4
v2 1.527 2.869 2.491 1.311 0.463 1.190 2.984 2.340
r2 0.972 0.908 0.906 0.942 0.985 0.836 0.879 0.952
a 2.471 1.578 0.754 0.644 3.173 1.508 0.827 1.333
b 2.669 1.599 0.777 0.720 2.921 1.507 0.883 1.654
Ae 223.234 274.488 256.553 301.068 219.595 245.422 278.372 400.000
n 1.603 1.787 3.547 4.801 1.587 1.915 1.472 3.013
c50e 0.064 0.039 0.040 0.038 0.073 0.040 0.100 0.060
Ai 93.478 201.973 156.401 152.155 90.710 212.557 190.982 250.174
k 0.944 1.470 2.018 1.825 1.428 2.853 3.914 4.399
m 4.293 8.526 7.432 6.133 4.388 8.590 7.128 5.603
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contrast response functions in both age groups. Age differences
were evident only at 4 c/deg, with signiﬁcantly larger a and b esti-
mates in older observers. Age differences were also minimal in the
Naka–Rushton parameters: Younger observers produced signiﬁ-
cantly greater slopes at 2 c/deg (Fig. 5D), whereas the contrast at
50% of the maximum excitatory response was greater in olderFig. 6. Outputs from the Drivemodel, (A) k, (B)m, and (C) D, controlled the strength of th
were directly ﬁt by the model, whereas D, which modulates the strength of suppressi
D(w,c) = 1/(1 +m  exp(x(w,c)/k)) (Fig. 1C). In some cases the symbols are slightly shiftobservers at 2/deg (Fig. 5E). All told, the Drive model parameters
that described the spatial and contrast response functions of the
CRF and nCRF could adequately account for changes in spatial fre-
quency, but not for differences across age groups.
The effects of age and spatial frequency were, however, found in
the inﬂuence of the suppressive surround as a function of stimulus
size and contrast, D (Fig. 6C). This effect was particularly noticeablee suppressive surround. Parameters k andm for younger (r) and older (d) observers
on as a function of both stimulus size and contrast is derived from the equation
ed along the x-axis for clarity.
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increasing spatial frequency in both age groups, particularly in old-
er observers. The other free parameter, m (Fig. 6B), which con-
trolled the height of the curves in Fig. 6C, varied non-
monotonically with spatial frequency, and it was consistent across
age groups. In both age groups, D increased monotonically with
stimulus size and contrast, but had a greater rate of increase in
younger observers (Fig. 6C). This rate of increase accounted for
the behavioral effect of spatial suppression at high stimulus con-
trasts in younger observers; the ﬂattened slopes of D in older
observers corresponded to reduced suppression for larger stimuli
(i.e., relatively good motion discrimination) even at the highest lev-
els of contrast. In both age groups D was relatively weak at low
contrast, which allowed the excitatory response of the CRF to dom-
inate and produce spatial summation.
In summary, the Drive model attributed spatial frequency ef-
fects to changes in the gain of the inhibitory surround as well as
the size of the CRF and nCRF space constants. Age effects, however,
were mainly characterized by an increase in k, a parameter that
controlled the strength of nCRF activation relative to the CRF
response.
3.4. Center vs. surround parameters
Physiological work has found that the spatial extent of the nCRF
is on average 2.2–2.4 times that of the CRF in V1 (Cavanaugh, Bair,
& Movshon, 2002; Sceniak et al., 1999) and anywhere from 1.49 to
10 times in MT (Allman, Miezin, & McGuinness, 1985; Raiguel
et al., 1995; Tanaka et al., 1986). It is therefore important to assess
whether our models reﬂect this physiological receptive ﬁeld prop-
erty by producing larger inhibitory nCRF regions relative to the
excitatory CRF space constants. In the Gain model (Fig. 7A), the ra-
tio was >1 for all spatial frequencies, indicating larger b values thanFig. 7. The ratios of center and surround space constants in the Gain (A), Drive (B),
and Size (C) models are shown as a function of spatial frequency. For the Sizemodel,
only the contrast conditions that were common to all spatial frequencies are shown.
Unlike the other models, a new a value was produced for each stimulus contrast at a
given spatial frequency, which required separate b/a ratios for each contrast. Note
that the Size model outputs are on a log scale. In all cases, data from younger
observers corresponds to the triangles (r) and older observers’ data corresponds to
circles (d). The error bars indicate 95% bootstrapped conﬁdence intervals. Conﬁ-
dence intervals were not calculated for the Size model.a values. The relative spatial extent of the inhibitory surround de-
creased as a function of spatial frequency in younger observers, but
was stable in older observers. At 0.5 and 1 c/deg, the b/a ratio was
signiﬁcantly greater in younger compared to older observers, but
at 2 and 4 c/deg the age difference was not signiﬁcant. In compar-
ison, all of the b/a ratios obtained from the Drive model (Fig. 7B)
were close to one, indicating very little difference between CRF
and nCRF size estimates regardless of age or spatial frequency
condition.
The ratio of the space constants in the Sizemodel is plotted as a
function of stimulus contrast and spatial frequency in Fig. 7C. At
0.5 c/deg, the nCRF was almost 75 times greater than the CRF at
46% contrast in younger observers. Even at 2.8% contrast, the nCRF
was over 8 times greater than the CRF, which is much greater than
ratios measured at 1 c/deg. In older observers, the ratios of nCRF to
CRF space constants ranged from 2.60 to 6.49, which were less than
the ratios measured in the 0.5, 2, and 4 c/deg conditions in younger
observers. Such extreme variability in the parameters ﬁt to the
data from younger observers suggests that the model does not cap-
ture any meaningful information about the ratio of the inhibitory
and excitatory surrounds.
3.5. Spatial frequency bandwidth
In humans, receptive ﬁeld sizes commonly are estimated as the
stimulus area over which spatial summation occurs in a linear
fashion (Howell & Hess, 1978). Various contrast detection and dis-
crimination paradigms have demonstrated that, although the abso-
lute sizes of the receptive ﬁelds decrease with increasing spatial
frequency, a greater number of stimulus cycles are incorporated
within the receptive ﬁeld spatial envelope (Banks, Sekuler, &
Anderson, 1991; Peli et al., 1993; Wilson, McFarlane, & Phillips,
1983). Similarly, the spatial extent of motion detection units in hu-
mans also depends on stimulus spatial frequency (Anderson &
Burr, 1987, 1991; Anderson, Burr, & Morrone, 1991). The same
relationship between spatial frequency and receptive ﬁeld size is
known to exist in V1 cells: Neurons tuned to high spatial frequen-
cies tend to have narrower spatial frequency bandwidths, which
corresponds to a greater number of stimulus cycles within the
receptive ﬁeld (Cavanaugh, Bair, & Movshon, 2002; De Valois, Albr-
echt, & Thorell, 1982; De Valois & De Valois, 1990; Kulikowski &
Bishop, 1981; Movshon, Thompson, & Tolhurst, 1978a). Physiolog-
ical receptive ﬁeld mapping techniques, such as the grating sum-
mation ﬁeld technique, typically are conducted at high contrast,
such that excitatory responses are suppressed once the stimuli ex-
ceed the boundaries of the CRF (De Valois, Thorell, & Albrecht,
1985). The receptive ﬁeld size estimate (or optimal stimulus size;
Tadin & Lappin, 2005) therefore indicates the point at which spatial
summation changes to spatial suppression. Furthermore, the total
amount of stimulus contrast energy at the point of maximum sen-
sitivity to motion direction decreases with increasing spatial fre-
quency (Betts, Sekuler, & Bennett, 2009). The a outputs from the
three models investigated here should therefore be consistent with
a spatial frequency-dependent change in the number of cycles
within the CRF.
To calculate the number of cycles within the model center and
surround receptive ﬁelds, we converted the space constants, a or b,
to Gaussian sigma parameters, multiplied them by the stimulus
spatial frequency, and then doubled that number again (i.e. to
convert radius to diameter). In keeping with previous estimates,
the number of cycles within the CRF (Fig. 8A) increased as a func-
tion of spatial frequency (Anderson & Burr, 1985, 1987, 1991;
Anderson, Burr, & Morrone, 1991; Banks, Sekuler, & Anderson,
1991; Cavanaugh, Bair, & Movshon, 2002; De Valois, Albrecht, &
Thorell, 1982; Howell & Hess, 1978; Kulikowski & Bishop, 1981;
Movshon, Thompson, & Tolhurst, 1978b; Wilson, McFarlane, &
Fig. 8. The number of stimulus cycles within 2r of the Gaussian window of the model estimates are shown for the CRF (A) and nCRF (B) as a function of the number of
stimulus cycles for younger (r) and older (d) observers. The asterisk symbols indicate estimates of the number of cycles, calculated from the measured area of complete
spatial summation for stationary Gabors in the fovea, for one younger observer from Banks, Sekuler, and Anderson (1991). The CRF size values from the Sizemodel are shown
for 2.8%, 4.2%, 11%, and 46% contrast conditions, where symbol color is reﬂective of stimulus contrast. The Size model values are shown on a different log scale for clarity.
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The Sizemodel, however, did not show a consistent effect of spatial
frequency at any stimulus contrast. Interestingly, the Gain model
estimates of the number of cycles within the younger observers’
CRF were virtually identical to those derived from detection
thresholds for static Gabor patterns (Banks, Sekuler, & Anderson,
1991) up until 4 c/deg. Our older observers followed a similar
trend, but with an overall vertical shift, indicating a greater num-
ber of cycles with the CRF at all spatial frequencies. The Gainmodel
therefore yields similar estimates of spatial summation as previous
psychophysical experiments conducted in younger observers, and
produced values that are consistent with an age-related change
in the spatial extent of the excitatory CRF. The Drivemodel outputs
did not produce any age differences except at 4 c/deg, where the
number of cycles within the CRF jumped to a value of 8 in the older
group, nearly twice the number of cycles observed in the younger
observers.
The number of cycles in the inhibitory surround regions showed
a different pattern of results (Fig. 8B). In younger observers, the
number of cycles was roughly constant from 0.5 to 2 c/deg, with
an increase at 4 c/deg in all three models. In older observers the
number of cycles was constant from 0.5 to 1 c/deg, and rose be-
yond 1 c/deg in the Gain model and beyond 2 c/deg in the Drive
and Sizemodels. Therefore, estimates of nCRF bandwidth is similar
in younger and older observers at lower spatial frequencies, but the
spatial extent of the nCRF was greater in older observers at >2 c/
deg in all three models.
4. Discussion
Previous studies have shown a clear effect of age on spatial
summation and suppression for low and midrange spatial frequen-
cies in a motion discrimination task (Betts, Sekuler, & Bennett,
2009; Betts et al., 2005). The current paper further characterizes
these behavioral data with three models of receptive ﬁeld structure
that were inspired by previous psychophysical and physiological
research. The Gain, Size, and Drivemodels all provided adequate ﬁtsto the data across the range of spatial frequency conditions in both
younger and older observers. The best-ﬁtting parameters for the
various models can be used to generate predictions about how
aging affects the receptive ﬁeld organization of motion-sensitive
visual neurons.
4.1. The Gain model
The Gain model effectively characterized the antagonistic cen-
ter–surround receptive ﬁeld structure thought to determine sensi-
tivity to moving targets of different sizes, contrasts, and spatial
frequencies. In younger observers, the estimated spatial extent of
the center excitatory region, the CRF, decreased with increasing
stimulus spatial frequency, but increased with regard to the num-
ber of cycles present in the stimulus. Our estimates are consistent
with previous reports that highlight the spatial frequency-depen-
dent nature of the area of complete spatial summation for both
moving and static Gabor targets (Anderson & Burr, 1985, 1987,
1991; Anderson, Burr, & Morrone, 1991; Banks, Sekuler, & Ander-
son, 1991; Peli et al., 1993; Wilson, McFarlane, & Phillips, 1983).
The CRF space constant, a, was signiﬁcantly larger in older observ-
ers than younger observers at all spatial frequencies, which is con-
sistent with previous reports that the maximum area of spatial
summation is larger in older compared to younger observers
(Betts, Sekuler, & Bennett, 2009; Betts et al., 2005; but see Hiller
& Kline, 2001; Owsley & Sekuler, 1982). However, like younger
observers, a estimates in older observers scaled with stimulus
spatial frequency suggesting that, aside from a general increase
in size, the function of excitatory CRF of motion detection units
are preserved in normal healthy aging.
Greater spatial summation may be observed in conditions of
reduced retinal illuminance (Barlow, 1958). Senile miosis (i.e., re-
duced pupil diameter) and cloudy optical media combine to reduce
retinal illuminance signiﬁcantly in senescent eyes (Betts et al.,
2005; Schefrin, Hauser, & Werner, 2004; Weale, 1992). Therefore,
it is possible that at least part of the age difference in spatial sum-
mation found in the current study is due to difference in retinal
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hypothesis.
The more striking change in motion sensitivity occurs as the
stimulus grows in both size and contrast: The reduced sensitivity
to motion direction obtained with large, high-contrast patterns
that is found younger observers is largely absent in older observers,
so that older observers actually perform better than younger
observers in a simple motion discrimination task. Betts et al.
(2005) speculated that this age difference reﬂected a change in
the efﬁcacy of inhibitory mechanisms. Interestingly, the Gainmod-
els ﬁt to the data from younger and older subjects do not exhibit
signiﬁcant differences in inhibitory mechanisms: speciﬁcally, the
estimates of the spatial extent of the nCRF and the inhibitory
Naka–Rushton function did not differ noticeably between age
groups. Instead, it was the parameter that governed the size of
the CRF (i.e., a) that exhibited the largest and most consistent dif-
ference between younger and older observers. The result is consis-
tent with the idea that there is an age-related reduction in the
spatial extent of the inhibitory nCRF relative to the excitatory
CRF, rather than the hypothesis that age differences in spatial sup-
pression are due to direct changes in inhibitory mechanisms.
Receptive ﬁeld size, measured in the number of stimulus cycles,
is inversely related to the spatial frequency tuning bandwidth. In
other words, as a greater number of cycles are incorporated into
the receptive ﬁeld, the more narrowly tuned that receptive ﬁeld
is for spatial frequency (De Valois & De Valois, 1990). An age-re-
lated increase in receptive ﬁeld size suggests that older observers
may actually have narrower frequency tuning bandwidths com-
pared to younger observers. However, this prediction is contrary
to physiological experiments that show broader orientation and
direction tuning in senescent visual neurons (Leventhal et al.,
2003; Schmolesky et al., 2000). Psychophysical studies indicate
that the spatial frequency selectivity of pattern masking is similar
in younger and older observers (Govenlock et al., 2010), but more
research is needed to verify whether age-related changes in recep-
tive ﬁeld structure inﬂuence spatial frequency tuning.
The response properties of direction-selective V1 and MT neu-
rons are known to change dramaticallywith age. Senescentmonkey
neurons had greater maximum responses, higher baseline ﬁring
rates, and reduced signal-to-noise ratios compared to younger cells
(Leventhal et al., 2003; Liang et al., 2010; Schmolesky et al., 2000;
Yang, Liang, et al., 2008). Physiologicalmeasures of CRF Naka–Rush-
ton parameters from monkey V1 and MT have revealed reduced
slopes (n) and increased half-saturation contrasts (c50e) in the older
monkeys, and these effects were greater in MT than in V1 (Yang,
Liang, et al., 2008). We did not observe systematic differences in
the Ae, c50e or n model parameters as a function in of age
(Fig. 2B–D). Interestingly, the median estimates of half-saturation
contrast for all observers in the current study fell somewhere in-be-
tween the average monkey V1 and MT measures in younger mon-
keys (Younger and Older humans: Median c50e = 0.179; Younger
monkey V1:mean c50e = 0.25,r = 0.07; YoungermonkeyMT:mean
c50e = 0.11,r = 0.03). Our slope estimateswere consistently smaller
than slopes measured in monkey MT cells. Yang and colleagues
(2008) did not report spatial frequency-dependent changes in the
Naka–Rushton parameters, and so it is unknown whether spatial
frequency-dependent changes in the Naka–Rushton parameters
are affected by age. However, Albrecht and Hamilton (1982) found
that c50e gradually increased with increasing spatial frequency in
monkey V1 cells, which differs from the trend seen in our younger
observers (Fig. 2E).
4.2. The Size model
Although the Size model ﬁt the data well (Table 2), the best-
ﬁtting parameters did not vary in a sensible way across spatialfrequency, size, and age. For example, the size of the excitatory
center was larger than the inhibitory surround for older observers
in the 0.5 and 4 c/deg conditions, but not in the 1 and 2 c/deg con-
ditions, even though age differences in spatial suppression are
found at all spatial frequencies (Betts, Sekuler, & Bennett, 2009).
Also, the estimate of a for 0.5 c/deg stimuli at low contrast in youn-
ger observers was approximately 0.2 deg (or 0.1 stimulus cycles)
and decreased to 0.02 deg (or 0.01 stimulus cycles) with increasing
contrast. Not only is it unlikely to ﬁnd a receptive ﬁeld that is sen-
sitive to such a small fraction of a stimulus cycle, these values are
considerably smaller than reported receptive ﬁeld sizes in monkey
V1 (Cavanaugh, Bair, & Movshon, 2002; Rosa, Fritsches, & Elston,
1997; Sceniak et al., 1999).
Another disadvantage of the Size model was the more compli-
cated deﬁnition of the contrast response function. Recall that the
center and surround gain functions were not deﬁned indepen-
dently, and therefore the inhibitory Naka–Rushton function must
be weighted by b/a in order for the model to work. Thus, the inhib-
itory contrast response function was dependent on all the param-
eters that were used to deﬁne the center and surround space
constants, as well as the parameters deﬁning the Naka–Rushton
function. Physiological studies of V1 neurons have found that the
inclusion of an extra parameter or series of parameters to manip-
ulate CRF size provides little advantage to the simpler Gain model
(Cavanaugh, Bair, & Movshon, 2002). For these reasons, we do not
favor the Size model.4.3. The Drive model
The Drive model also provided adequate ﬁts to the data (Ta-
ble 3). Unlike the Gainmodel, however, age differences in duration
thresholds were not associated with changes in the parameters
governing the spatial organization of the receptive ﬁeld structure.
Instead, the two age groups differed in the strength of suppression
from the surround, such that an increase in CRF activation pro-
duced weaker nCRF activation in older observers. These ﬁndings
suggest that age affects the integrity of the connectivity between
the CRF and nCRF regions, an idea that was originally suggested
by Betts and colleagues (Betts et al., 2005). If so, the age deﬁcits
could be result from several different scenarios, such as a decrease
in the number or strength of excitatory inputs from the CRF to
nCRF, or a decrease in the number or strength of inhibitory inputs
from the nCRF to CRF. Temporal factors, such as noise in the timing
of inputs at either excitatory or inhibitory synapses, are also likely
important when assessing age differences in summation and sup-
pression; other models that incorporate temporal dynamics, such
as those employed by Wilson and colleagues (Kim & Wilson,
1997), may reveal important information regarding the effects of
age on the time course of center–surround antagonism.
A number of the Drive model’s properties are not observed in
physiological preparations. For example, the Drivemodel produced
space constants of the center and surround that were very similar
in size, which is actually one of the features of the original compu-
tational model described by Somers and colleagues (Somers et al.,
1998). The original Drive model was also originally conceived so
that the suppression from the surround changed the slope of the
contrast response function. However, two physiological studies
found that the slope of the contrast response function in V1 neu-
rons was not signiﬁcantly affected by changes in surround stimulus
contrast (Cavanaugh, Bair, & Movshon, 2002; Sengpiel et al., 1998).
Finally, suppression from the surround increases with increasing
stimulus contrast in the Drivemodel, which has not been observed
in visual neurons (Cavanaugh, Bair, & Movshon, 2002; Sceniak
et al., 1999). Physiological data on the sizes of center and surround
receptive ﬁelds in senescent monkeys is lacking, so it is impossible
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the context of the aging visual system.
4.4. Alternative models
A possible limitation of our analyses concerns the method used
to estimate the spatial parameters of the receptive ﬁelds. We used
the erf function, the cumulative area under a one-dimensional
Gaussian with a standard deviation of 0.5, to estimate the summa-
tion response of two-dimensional receptive ﬁeld, as per DeAngelis
and Uka (2003). The choice of spatial parameters based on radius
rather than size could be problematic given that the inﬂuence of
a relatively small central excitatory region may differ greatly
depending on whether the response is integrated over one dimen-
sion or two. To address this issue, we modiﬁed the models so that
the response of the central and surrounding areas were modeled as
2D Gaussians using the equation:
EðwÞ ¼ 1 exp ðw=aÞ
2
2
 !
where w is the stimulus radius and a is the receptive ﬁeld (a or b)
standard deviation. In a series of simulations we found that the
use of a 2D rather than 1D integration function did not alter the
main pattern of results. There were, however, subtle differences be-
tween the 1D and 2D analyses, which are expanded upon below.
The model ﬁts were comparable in the 2D and 1D versions of
the Gain model. There were some minor changes in the output
parameters in the 2D model, such as (a) smaller RF size estimates
for both age groups; (b) age differences in a and bwere eliminated;
(c) greater values of n and m seen in younger compared to older
observers at the two highest spatial frequencies; and (d) smaller
values at 50% contrast (c50e and c50i). Furthermore, the ratio of
the areas of the center and surround regions, where area was cal-
culated as A = p(3r)2, were signiﬁcantly different between younger
and older observers. Speciﬁcally, the ratios indicated the inhibitory
area was relatively greater (compared to the excitatory area) in
younger observers in all spatial frequency conditions. Recall that,
in the 1D modeling, the ratios only differed signiﬁcantly for the
0.5 and 1 c/deg conditions across age groups. Therefore, the 2D
modeling reinforces the ﬁndings obtained with the 1D Gainmodel.
The 2D Drive model ﬁts were also very good, comparable to the
1D version. As with the 1D model, the ﬁtted Naka–Rushton param-
eters did not differ consistently between age groups, nor did the ra-
tio of the surround and center areas. The parameters k and m,
which control the inﬂuence of the suppressive surround, D, did
not show the same systematic age- and spatial frequency-related
effects that were found with the 1D Drive model. Altogether, the
2D model did not provide any advantage over the 1D version,
and did not alter our conclusions regarding the efﬁcacy of the Drive
model.
Changing the Sizemodel from 1D to 2D proved problematic: The
ﬁts were universally worse. Also, the main result obtained with the
1D Size model, namely the change in the excitatory center space
constant as a function of contrast, was eliminated (i.e., there was
no change in size with increasing contrast) in three out of four spa-
tial frequency conditions with the 2D model. As in the 1D version,
the Naka–Rushton parameters in the 2D Size model did not vary
systematically with stimulus spatial frequency or observer age. In
summary, the 2D Sizemodel, like the 1D version, performed signif-
icantly poorer than the Gain and Drive models.
4.5. Divisive and subtractive models of inhibition
Upon reviewing the pattern of results from three different mod-
els, we believe that the simplicity and robustness of the Gainmodelprovides the best account of the effects of age and spatial fre-
quency on the perception of size- and contrast-varying drifting
gratings. However, Tadin and Lappin (2005) were critical of the
Gain model. In their implementation, which they termed the CRF
model, the local minimum of the threshold-vs.-size curve, or opti-
mal stimulus size, did not vary as a function of stimulus contrast
and the estimates of the center and surround size parameters did
not correspond to physiological measures of receptive ﬁeld sizes
(their estimates of a and b were 0.24 and 6.0 deg). Tadin and Lap-
pin’s version of the Gain model used subtractive inhibition, but
preliminary analyses revealed that a model that used subtractive
inhibition provided poor ﬁts to our data, and yielded no systematic
relationships between best-ﬁtting parameters and either spatial
frequency or observer age (Supplementary Fig. 1). A paired t-test
on the v2 values in Fig. 2 and Supplementary Fig. 1 was signiﬁcant
(t = 3.56, df = 7, p = 0.009), suggesting that switching to subtractive
inhibition did indeed result in poorer ﬁts to the data. Unlike the
subtractive inhibition model, the Gain model that used divisive
inhibition (Fig. 2) accounted for the shift in the local minimum at
different levels of stimulus contrast. Furthermore, the estimates
that we obtained for center and surround size parameters were
quite reasonable with respect to the physiological measurements
of cortical receptive ﬁelds in monkey V1 (Cavanaugh, Bair, & Movs-
hon, 2002; Sceniak et al., 1999), and scaled appropriately according
to stimulus spatial frequency. Finally, the same pattern of results
was obtained with the 2D Gain model: switching from divisive to
subtractive inhibition resulted in poorer ﬁts to the data, although
the ﬁtted values in all but one spatial frequency/age combination
were still less than the critical v2 values. Critically, switching from
divisive to subtractive inhibition did not help with the interpreta-
tion of the ﬁtted parameters.
The exact mechanisms underlying center–surround interactions
are still debated in the literature: both subtractive and divisive
models of inhibition have been used to adequately describe sur-
round suppression in single cell responses, with some data favour-
ing divisive inhibition and other data favouring subtractive
(Cavanaugh, Bair, & Movshon, 2002; DeAngelis & Uka, 2003; Free-
man, Ohzawa, & Walker, 2001; Sceniak, Hawken, & Shapley, 2001;
Sceniak et al., 1999). There are enough methodological differences
between our experiments and the work of Tadin and Lappin
(2005), including the type of motion stimulus and the stimulus
temporal presentation, that make it unreasonable to make strong
statements supporting one type of inhibition over another.
4.6. Summary
We explored the utility of three models of receptive ﬁeld struc-
ture to account for size and contrast-dependent changes in behav-
ioral sensitivity to motion direction. The Gain model, the simplest
of the three, produced easily interpretable results that dovetail ni-
cely with previous psychophysical work in younger observers
(Fig. 8). The Gain model results suggest that normal aging may
be associated with an increase in the spatial extent of the excit-
atory CRF, which in turn reduces the inﬂuence of the inhibitory
nCRF. This raises the possibility that the inhibitory mechanism
controlling spatial suppression from the nCRF, be it a GABA-ergic
interneuron or some other type inhibitory connection, may not
be affected by age. However, the physiological and neurochemical
events that would allow the spatial extent of an excitatory CRF to
expand are not presently understood, and may yet involve an age-
related shift in the function of GABA-ergic synapses. The Sizemodel
outputs were inconsistent with known spatial frequency-depen-
dent properties of visual neurons, and did not help to differentiate
between the younger and older behavioral results. The Drive model
results were consistent with the hypothesis that inhibition from
the nCRF is reduced in older observers, but the parameters differed
L.R. Betts et al. / Vision Research 53 (2012) 1–14 13from psychophysical and physiological estimates of visual neuron
receptive ﬁeld sizes. Although we have treated these models as
though they were mutually exclusive, it is entirely possible that
some combination of the models may provide the most accurate
description of the underlying physiological substrate.
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